Recent work with noninvasive human brain imaging has started to investigate the effects of 3,4-methylenedioxymethamphetamine (MDMA) on large-scale patterns of brain activity. MDMA, a potent monoamine-releaser with particularly pronounced serotonin-releasing properties, has unique subjective effects that include: marked positive mood, pleasant/unusual bodily sensations and pro-social, empathic feelings. However, the neurobiological basis for these effects is not properly understood, and the present analysis sought to address this knowledge gap. To do this, we administered MDMA-HCl (100 mg p.o.) and, separately, placebo (ascorbic acid) in a randomized, doubleblind, repeated-measures design with twenty-five healthy volunteers undergoing fMRI scanning. We then employed a measure of global resting-state functional brain connectivity and follow-up seed-to-voxel analysis to the fMRI data we acquired. Results revealed decreased right insula/salience network functional connectivity under MDMA. Furthermore, these decreases in right insula/salience network connectivity correlated with baseline trait anxiety and acute experiences of altered bodily sensations under MDMA. The present findings highlight insular disintegration (ie, compromised salience network membership) as a neurobiological signature of the MDMA experience, and relate this brain effect to trait anxiety and acutely altered bodily sensations-both of which are known to be associated with insular functioning.
INTRODUCTION
MDMA (3, 4-methylenedioxymethamphetamine) belongs to a unique class of psychoactive compounds-'entactogens'-that share similarities in chemical structure with both classical stimulants and psychedelics (Nichols, 1986; Gouzoulis-Mayfrank, 2001 ). The potent action of MDMA at the serotonin transporter-compared with other stimulants (Bradbury et al, 2014) -is believed to be responsible for much, but not all, of MDMA's unique phenomenology (Liechti and Vollenweider, 2001; van Wel et al, 2011) . Common psychological features of the MDMA experience include heightened arousal and perception, pro-sociability, enhanced mood, and feelings of euphoria. Acute physiological effects of MDMA consist of increases in heart rate, blood pressure, body temperature (Vollenweider et al, 1998) , and impaired homeostatic control more generally (Dafters and Lynch, 1998 )-a phenomenon that has been suggested to involve the insula (Parrott, 2012) .
Pharmacological resting-state electroencephalography (EEG; Frei et al, 2001) , positron emission tomography (PET; Gamma et al, 2000) , and functional magnetic resonance imaging (fMRI; Carhart-Harris et al, 2015; Roseman et al, 2014) have begun to elucidate the immediate effects of MDMA on the human brain. PET imaging revealed decreased regional cerebral blood flow (rCBF) in areas including the left amygdala, dorsal anterior cingulate, posterior cingulate, medial temporal lobe (MTL), and bilateral insula (Gamma et al, 2000) . Gamma et al suggest that these results might represent dysregulation of a functional network that others have since linked to the anxiety phenome (Paulus and Stein, 2006) .
In a recent fMRI study using arterial spin labeling (ASL), decreases in cerebral blood flow (CBF) were observed following MDMA administration. These decreases in CBF occurred in MTL structures including the right amygdala and hippocampus, as well as the visual cortex, thalamus and somatosensory cortex (Carhart-Harris et al, 2015) . The degree of CBF decreases in the MTL significantly correlated with the subjective intensity of drug effects across subjects. Furthermore, seed-based resting-state functional connectivity (RSFC) using ventromedial prefrontal cortex, amygdala and hippocampal 'seed' regions of interest (ROIs) revealed changes in functional circuitry implicated in anxiety and stress (Carhart-Harris et al, 2015) . MDMA-induced RSFC changes with these regions correlated at a trend-level with subjective intensity and positive mood.
Of particular importance to the present study is the prior result of decreased regional brain blood flow in the insula, a region implicated in visceral and somatosensory sensation, following MDMA administration (Gamma et al, 2000) . This is intriguing as MDMA is known to produce unusual bodily or 'interoceptive' effects, but the neural correlates of these phenomena are not understood. Indeed, altered bodily sensation-potentially underpinned by homeostatic dysregulation-has provided a basis for others to implicate altered functioning of the insula (Parrott, 2012) .
For these reasons, we held the prior hypothesis that a datadriven analytic approach may implicate abnormal insula connectivity under MDMA. Using this method, our study would be able to provide the first examination of altered salience network connectivity under MDMA, as the insula is considered an 'integral' hub (Menon and Uddin, 2010) of this network involved in the attribution of environmental/ bodily salience, as well as anxiety and stress (Craig, 2003; Hermans et al, 2011; Seeley et al, 2007) . Although other studies examining brain activity under MDMA have not explicitly identified involvement of the salience network, one early PET study identified altered metabolic activity in core hubs of the salience network: the bilateral insula and dorsal anterior cingulate (Gamma et al, 2000) . However, no network-based analysis of the functional interconnections between these brain regions under the influence of MDMA has been conducted to date. The two published RSFC studies of MDMA were unable to probe the salience network due to methodological constraints involving either the selection of a priori seed ROIs (Carhart-Harris et al, 2015) that were not specific hubs anchoring the salience network (Bressler and Menon, 2010) or independent components that did not include the salience network (Roseman et al, 2014) .
One ambition of the neuroimaging studies described above is to help inform potential therapeutic applications of MDMA, such as its adjunctive use alongside psychotherapy for the treatment of post-traumatic stress disorder (PTSD). The first randomized controlled trials (RCTs) of MDMAassisted psychotherapy for treatment-resistant PTSD demonstrated decreases in both clinician-and participant-rated symptom severity (Mithoefer et al, 2011; Oehen et al, 2013) . The efficacy of these interventions persisted at follow-up (Mithoefer et al, 2012) , and effect sizes surpassed even those demonstrated by prolonged exposure therapy, the most widely accepted treatment for PTSD (Amoroso and Workman, 2016) . Nonetheless, limitations pertaining to modest sample sizes and potential implicit biases warrant cautious interpretation of these preliminary, yet promising results.
In light of growing interest in the use of MDMA as a therapeutic adjunct, the aim of the present study was to use a novel analysis approach to re-explore a previously described resting-state fMRI data set (Carhart-Harris et al, 2015; Roseman et al, 2014) . We sought to better understand alterations in the functional neural architecture specific to acute MDMA exposure, by using a novel voxel-to-voxel technique that circumvents some major limitations specific to both seed-based functional connectivity (Carhart-Harris et al, 2015) and independent component analysis (Roseman et al, 2014) . The Intrinsic Connectivity Contrast (ICC) has previously been applied to capture novel and unique variations in functional connectivity due to administration of the anesthetic sevoflurane (Martuzzi et al, 2011) , providing precedent of its utility in pharmacological resting-state fMRI connectivity analysis.
Unlike traditional seed-based analytic procedures, the ICC does not require geometric definition of a seed ROI (eg, a spherical region of interest of an arbitrary size) at previously reported coordinates. Instead, the ICC allows the seed region for subsequent seed-to-voxel analysis to be defined by the contours of a resultant cluster from a contrast of interest. Unlike traditional methods for independent component analysis of resting-state networks, an arbitrary number of independent components corresponding to spatially independent resting-state networks do not have to be defined for the basis of group-or condition-level contrasts. Instead, functional connectivity of anatomical regions of interest (eg, the insula) displaying network membership with a restingstate network (eg, the salience network) can be examined. Therefore, differences that emerge do not pertain exclusively to network-level attributes, but rather to membership of an anatomical region with functionally defined boundaries and resting-state network membership. Thus, this technique could be of particular importance when investigating functionally heterogeneous, but relatively small regions of the cortex such as the insula, as has previously been demonstrated (Martuzzi et al, 2011) . Importantly, however, the ICC is fundamentally an exploratory analytic technique. As such, it is useful for identifying and precisely defining the spatial contours of brain regions with altered functional connectivity to be further interrogated using more traditional seed-based approaches (Martuzzi et al, 2011; Muller et al, 2016a,b) .
As previous studies have suggested that MDMA dysregulates a 'neural network' involved in the anxiety phenome, we were further interested in examining the relationship between altered insula connectivity under MDMA and two phenomenological categories: 1) Altered bodily sensation and 2) Trait anxiety. We used altered bodily sensations as a proxy for dysregulated interoception, with interoception understood as 'the sensing of the internal state of one's body' (Tsakiris and Critchley, 2016) . Emerging evidence suggests an important link between interoceptive processing and trait anxiety, and that 'interoceptive structure may be a vulnerability factor for anxiety' (Garfinkel et al, 2016) . Thus, we would expect dysregulation of an insula network to be associated with greater alterations in bodily sensations (ie, dysregulated interoception) and trait anxiety (ie, anxiety vulnerability). This would provide evidence of a putative neurobiological basis to inform future studies interested in mechanisms underlying the therapeutic use of MDMA as an adjunct in the treatment of psychiatric disorders characterized by anxiety (eg, PTSD).
MATERIALS AND METHODS

Design
This study is a novel analysis of a previously published data set (Carhart-Harris et al, 2015; Roseman et al, 2014) . As such, detailed descriptions of the design can be found elsewhere (Carhart-Harris et al, 2015) . In brief, fMRI data was collected using a within-subjects, double-blind randomized, placebo-controlled design. Each participant was scanned twice, once after placebo and once after MDMA (in counterbalanced order), 7 days apart. A Home Office License was obtained for the storage and handling of a Schedule I drug. A schematic diagram of the scanning procedure is provided below in Figure 1 . Only the first resting-state BOLD scan, highlighted in red, was used to avoid any confounding residual or 'carry-over' effects of the intermediate behavioral paradigms on global functional connectivity (Waites et al, 2005) .
Participants
Twenty-five (seven female, mean age = 34 ± 11 years) healthy participants with at least one previous experience with MDMA were included in the study sample. None of the participants had consumed MDMA in at least 48 h (confirmed via urine screen) or recently ingested alcohol (confirmed by a breathalyzer test). Further screening measures and participant demographics are reported elsewhere (Carhart-Harris et al, 2015) .
Drug Administration
MDMA and placebo were administered orally in the form of a capsule. Visits during which MDMA or placebo was consumed were counterbalanced and separated by a 7-day interval. Peak subjective effects were reported 100 min following MDMA capsule ingestion, consistent with previous observations of plasma t-max (Kolbrich et al, 2008) .
Scanning Parameters and Data Acquisition
Magnetic resonance imaging was performed on a 3-Tesla Siemens Tim Trio (Siemens Healthcare, Erlangen, Germany) using a 32-channel phased array head coil. ADNI-GO MPRAGE parameters with 1 mm isotropic voxels were used for acquisition of anatomical reference images. BOLDweighted functional images were acquired using a gradient echo planar imaging sequence with 3 mm isotropic voxels, TR = 2000 ms, TE = 31 ms, field-of-view = 192 mm, 80°flip angle, 36 axial slices in each TR, GRAPPA acceleration = 2, bandwidth = 2298 Hz/pixel. Each functional scan for MDMA and placebo lasted 6 min and was performed 60-min and 113-min post-capsule ingestion.
Preprocessing fMRI preprocessing and analysis were performed using Statistical Parametric Mapping software (SPM12, Wellcome Trust Centre for Neuroimaging, London, UK, http://www.fil. ion.ucl.ac.uk/spm/software/). Preprocessed images were imported into CONN: The Functional Connectivity toolbox (https://www.nitrc.org/projects/conn) in MATLAB for all functional connectivity analyses. A standard preprocessing pipeline was used that included slice-timing correction, rigid body realignment, spatial smoothing with a Gaussian kernel (FWHM) of 6 mm, and all anatomical scans were registered to the Montreal Neurological Institute standard brain space.
In order to best account for motion-related artifacts that can pose a significant confound to observed resting-state correlations (Power et al, 2014) , we performed quality control by 'scrubbing' to effectively remove time points with excessive head motion (set at a threshold of z = 3 mm). Approaches to scrubbing that actually remove outlier scans impact subsequent resting-state functional connectivity preprocessing steps that assume a continuous time-series (eg, band-pass filtering) by imposing discontinuities. Instead, we opted to implement an approach available in the CONN toolbox, through ART Artifact Detection Tools (https:// www.nitrc.org/projects/artifact_detect/), that effectively 'removes' outlier scans by including them as dummy-coded regressors during the de-noising procedure. Statistical tests were conducted in order to determine whether any group differences could be found in mean motion or scans 'scrubbed' between conditions (see Results section).
Other sources of noise in the BOLD signal from the white matter and cerebrospinal fluid were corrected for by using a principle component-based 'CompCor' method (Murphy et al, 2009; Whitfield-Gabrieli and Nieto-Castanon, 2012 ). We applied a band-pass filter (0.008-0.09 Hz) to limit the effect of low-frequency drift and high-frequency noise on the BOLD signal.
Intrinsic Connectivity Contrast
To identify brain regions showing significantly altered functional connectivity acutely following MDMA compared with placebo administration, we analyzed whole-brain voxelto-voxel connectivity with the intrinsic connectivity contrast (ICC), a network theory approach that has previously been used to elucidate alterations in functional connectivity associated with administration of the anesthetic sevoflurane (Martuzzi et al 2011) . The ICC quantifies the presence of, and assigns a weight to, the strength of a connection between any given voxel and every other voxel, computing this metric for every single voxel in the brain (Martuzzi et al, 2011; Scheinost et al, 2012) . Individual first-level voxel-to-voxel covariance matrices were computed for each participant for both conditions (MDMA or placebo). This allows for a second-level analysis testing for differences in whole-brain connectivity between conditions without the need to constrain analysis to a priori ROIs based on prior assumptions-allowing functional connectivity to be used as a data- Altered insula connectivity under MDMA IC Walpola et al 2154 driven exploratory tool for the definition of ROIs (Martuzzi et al, 2011) . Differences were assessed using a paired t-test with a significance threshold of po0.001 uncorrected, 5-voxel cluster threshold (Martuzzi et al, 2011) . Others have emphasized that it is critical to keep in mind that the result should not be interpreted in terms of statistical significance, but rather as a threshold for an effect (Muller et al, 2016a,b) to be further interrogated for statistical significance. The resulting clusters provide a global picture of functional connectivity alterations. As such, follow-up seed based functional connectivity utilizing these clusters as ROIs is required to determine the pattern of altered functional connectivity driving this effect.
Follow-up Seed-To-Voxel Functional Connectivity
In this step, classical seed-based functional connectivity is applied to examine alterations in functional connectivity profiles between conditions using clusters derived from the ICC as a seed ROI. In brief, the average filtered BOLD signal in the ROI is correlated with the BOLD signal in all other voxels in the brain for each condition. The main effect of each condition was calculated to determine intrinsic connectivity network membership of the ICC cluster of interest. Functional connectivity differences between conditions were statistically assessed using a paired t-test. We used a height threshold of po0.001, and a cluster-size threshold of po0.05, corrected using false discovery rate (FDR). In keeping with the previous application of this method (Martuzzi et al, 2011) , a significant cluster located in the right insula was used for all subsequent analyses.
ROI-to-ROI Analysis of Primary Salience Network Hubs
In order to determine whether observed alterations in salience network connectivity were exclusive to the coordinates of the seed region obtained from the ICC or more generally reflective of the salience network, we conducted a ROI-to-ROI analysis. We defined 6 mm spherical ROIs at previously reported coordinates (Raichle, 2011) for the dorsal anterior cingulate cortex (dACC) and the bilateral anterior insula (AI)-regions believed to anchor the brain's salience network (Seeley et al, 2007; Menon and Uddin, 2010) . The ROI-to-ROI analysis using each seed region was corrected for multiple comparisons using an FDR threshold of po0.05.
Relationship between Changes in Functional Connectivity and Subjective Effects of MDMA
To explore whether changes in insula RSFC between placebo and MDMA conditions were related to subjective ratings of 'unusual bodily sensations' following the MDMA scan or 'trait anxiety' preceding the scan (ie, at baseline), two correlations were tested, giving a revised statistical threshold of po0.025 (0.05/2), corrected with FDR. These specific items were chosen due to prior literature suggesting the critical involvement of insula functioning in processing bodily sensations (Craig, 2003; Critchley et al, 2004) and trait anxiety (Alvarez et al, 2015; Paulus and Stein, 2006) .
RESULTS
Intrinsic Connectivity Contrast
The ICC (MDMA4placebo) revealed a distributed collection of thirty-six clusters overlapping with the HarvardOxford atlas, exhibiting both increases and decreases in global functional connectivity (Supplement 1). A right insula cluster (Figure 2a ; MNI coordinates +46, +04, +02) was selected from this list as a seed ROI for all subsequent analyses as it allowed us to closely follow a prior application of this method (Martuzzi et al, 2011) . Furthermore, alterations in insular functional connectivity following MDMA administration have never been explored despite converging evidence implicating a functional network anchored in the insula in subjective feelings of the body Craig, 2002 Craig, , 2003 Craig, , 2009 Craig, , 2010 Craig, , 2011 and anxiety (Alvarez et al, 2015; Grupe and Nitschke, 2013; Paulus and Stein, 2006; Seeley et al, 2007) . Therefore, there was a firm rationale for selecting this particular region for subsequent seed-based analyses.
Follow-up Seed-To-Voxel Functional Connectivity
Condition-specific functional network topography of the insula cluster obtained through ICC for both placebo (Figure 2b ) and MDMA ( Figure 2c ) revealed a functional brain network similar to previous examinations of insular connectivity (Cauda et al, 2011; Deen et al, 2011; Taylor et al, 2009 ) and overlapping spatially with the so-called 'salience network' (Seeley et al, 2007) . Follow-up seed-to-voxel resting-state functional connectivity comparisons between the MDMA and placebo conditions revealed significantly decreased connectivity (Figure 2d ) between the right insula seed and clusters in the right (+38 +12 +00) and left (+38 +14 +08) anterior insular cortex, as well as the dorsolateral prefrontal cortex (DLPFC), specifically the left middle frontal gyrus (+02, +26, +54) under MDMA.
ROI-to-ROI Analysis of Primary Salience Network Hubs
ROI-to-ROI analysis of the dACC and bilateral AI were defined at independently reported coordinates (Raichle et al, 2011) , supporting diminished salience network connectivity in the MDMA condition compared with the placebo condition (Figure 3 ). When the dACC was seeded, we observed significantly decreased connectivity only with the left AI. When the right AI was seeded, we observed significantly decreased connectivity only with the left AI (ie, decreased connectivity with the dACC was not observed, corroborating our seed-to-voxel results within a reduced space of statistical comparisons). Finally, when the left AI was seeded, we observed significantly decreased connectivity with both the right AI and dACC.
Relationship between Changes in Functional Connectivity and Subjective Effects of MDMA
The group-level results of the relationship between changes in right insula functional connectivity between conditions (MDMA4placebo) are presented for 'trait anxiety' and 'unusual bodily sensations' (Figure 4) . Greater trait anxiety was associated with decreased connectivity between the right insula seed region and bilateral DLPFC, specifically the superior frontal gyrus (Figure 4a ; +02 +24 +54) with a Pearson correlation coefficient (R 2 ) of 0.61 (illustrated in Figure 4c ). 'Unusual bodily sensations' were associated with decreased connectivity between the right insula seed region and two clusters: (1) the DLPFC, specifically the right superior frontal gyrus (+02 +20 +62) and (2) the anterior mid-cingulate gyrus (depicted in Figure 4b ; +08 +26 +32) with a Pearson correlation coefficient (R 2 ) of 0.53 (illustrated in Figure 4d ). Both correlations survived our revised FDR correction for multiple comparisons. The topographic maps are depicted with a translucent mask of the salience network derived from the right insula seed in the placebo condition to illustrate how the reported clusters of significance overlap and extend beyond the demarcations of this functionally defined network.
Between-Condition Differences in Motion and Scrubbing
No significant differences were found in the mean motion (p = 0.71) or mean scans 'scrubbed' (p = 0.57) between the first MDMA and placebo condition.
Between-Subject Differences in Prior MDMA Use
Due to considerable between-subject variability in history of prior MDMA use, additional linear regression analyses were conducted with the frequency of MDMA use as a nuisance variable. Between-subject differences in prior MDMA use failed to significantly account for any of the betweencondition functional connectivity outcomes reported above.
DISCUSSION
The present study employed a network theory approach, the Intrinsic Connectivity Contrast (ICC), to elucidate the impact of MDMA on voxelwise functional brain connectivity. The ICC allows functional connectivity analysis to proceed without the need to first geometrically define a priori ROIs, thus extending the scope of previous efforts (Carhart-Harris et al, 2015) . We observed alterations in functional connectivity between the placebo and MDMA condition in many clusters overlapping with the HarvardOxford Atlas (Supplementary Information S1), notably including the right insular cortex (Figure 2a) . All further analyses used the insula cluster revealed by the ICC as a seed ROI because it was selected by a prior application of the ICC (Martuzzi et al, 2011) , decreased right insular connectivity was strikingly absent from previous fMRI analyses applied to this data set (Carhart-Harris et al, 2015; Roseman et al, 2014) , and the insula plays a crucial role in both subjective feelings of the body (Craig, 2002; 2009; 2010; Critchley et al, 2004) and anxiety (Alvarez et al, 2015; Grupe and Nitschke, 2013; Paulus and Stein, 2006) .
When we examined the functional network membership of the right insula cluster using seed-to-voxel functional connectivity in both the MDMA and placebo condition (Figure 2b and c) , we observed a network corresponding to the salience network (Seeley et al, 2007) upon visual inspection. A contrast between conditions (MDMA4placebo) revealed decreased connectivity between the right insula seed ROI, the bilateral anterior insula and portions of the DLPFC (ie, the middle frontal gyrus). We confirmed that decreased salience network connectivity following MDMA administration was not specific to our choice of insula ROI, by conducting an ROI-to-ROI analysis with independent coordinates reported for three hubs of the salience network: the left AI, the right AI and the dACC (Raichle et al, 2011) . Of note is the decreased connectivity between the right AI seed and left AI, but not the right AI seed and dACC, even when the search space for differences in statistically significant correlations was reduced from the whole brain to only three salience network ROIs (Figure 3 ). This suggests that altered right insula connectivity under MDMA might be specific to certain hubs of the salience network, leaving other connections between hubs functionally uncompromised. Seeley et al, 2007 , have previously demonstrated increased connectivity in the salience network (dACC and dorsolateral prefrontal cortex) in association with pre-scan anxiety, interpreted as evidence of trait anxiety coded to some degree in the functional architecture of the salience network (2007). Furthermore, alterations in insular functional connectivity following MDMA administration have never been explored despite converging evidence implicating a functional network anchored in the insula in subjective feelings of the body (Craig, 2002; 2003; 2009; 2010; and anxiety (Alvarez et al, 2015; Grupe and Nitschke, 2013; Paulus and Stein, 2006; Seeley et al, 2007) . As such, we endeavored to investigate how differences in right insula functional connectivity under MDMA (compared with placebo) might be related to individual differences in trait anxiety. Interestingly, we found that greater decreases in right insular connectivity within a dorsolateral prefrontal region-the superior frontal gyrus-in individuals who had greater trait anxiety. The cluster of deactivation that negatively correlated with levels of trait anxiety overlapped and extended anteriorly beyond the boundaries of the salience network we functionally defined.
Although speculative, it is intriguing to consider whether the observed correlation between baseline trait anxiety and MDMA-induced decreases in salience network connectivityspecifically between the right insula and superior frontal gyrus-might reflect the action of MDMA on a putative functional network coding trait anxiety (Seeley et al, 2007) . This would suggest a candidate mechanism (ie, pharmacologically attenuated salience network connectivity) for the therapeutic role of MDMA in clinical syndromes with anxiety as a core component (eg, PTSD). In line with such a possibility, meta-analyses of the functional neuroimaging of anxiety have found heightened insula activation in PTSD, Social Anxiety Disorder and Specific Phobia compared with controls (Etkin and Wager, 2007) , and in PTSD compared with both trauma-naïve and traumaexposed controls (Patel et al, 2012) . Increased salience network connectivity has also been documented in a host of anxiety disorders, notably including PTSD (Peterson et al, 2014) . Furthermore, propranolol-another pharmacological agent investigated as an adjunct for PTSD therapy (Brunet et al, 2008 , but see Wood et al, 2015; Steenen et al, 2016) -decreases connectivity within the salience network (Hermans et al, 2011) . Thus, it is worth considering whether action at the salience network might be an important component of the mechanism by which MDMA operates in MDMA-assisted psychotherapy for PTSD (Mithoefer et al, 2011; Mithoefer et al, 2012; Oehen et al, 2013) .
It should be noted that MDMA is not considered generally anxiolytic, as it has been shown to increase self-reported state anxiety (Baggott et al, 2016; Bedi and de Wit, 2011) . Thus, the acute therapeutic effect of MDMA may specifically target neural substrates coding trait, rather than state, anxiety (ie, the salience network). Future studies should specifically investigate this possibility, examining variations in the relationship between altered neural connectivity under MDMA and state vs trait anxiety, both acutely and in the long term.
Based on the unique phenomenology of MDMA, we hypothesized that unusual bodily sensations might be related to dysregulated interoceptive processing (Critchley et al, 2004; Seth, 2013; De Wit et al, 2015) served by a body awareness network anchored in the right anterior insula (Craig, 2005) . Thus, we investigated the correlation between self-reports of unusual bodily sensations and MDMAinduced decreases in right insula-anchored salience network connectivity. Our results revealed decreased right insular connectivity with the right SFG and anterior mid-cingulate cortex (aMCC). While decreased connectivity with the right SFG was also associated with greater levels of trait anxiety, decreased connectivity with the aMCC, a region implicated in body awareness (Medford and Critchley, 2010; Vandenbergh et al, 2005) , was uniquely related to awareness of unusual bodily sensations. As interoceptive awareness has been found to mediate the relationship between trait anxiety and the intensity of unpleasant feelings (Pollatos et al, 2007) , our results raise the possibility that MDMA might attenuate unpleasant feelings-and conversely produce its characteristic positive feelings (Liechti and Vollenweider, 2000) -by decreasing the integrity of a neural network important for encoding trait anxiety and supporting interoceptive awareness.
It has previously been demonstrated that inductions of sad mood increase functional connectivity between the right insula and cingulate cortex (Harrison et al, 2008) , and our result supports the possibility that MDMA disrupts the functional circuitry supporting certain negative affective states by compromising the interoceptive network that supports awareness of such feelings (Craig, 2009) . Furthermore, there is a developing theoretical basis (Garfinkel et al, 2016; Seth, 2013) to suggest that compromised functional integrity of this network might simultaneously give rise to subjective beliefs of unusual bodily sensations typical of the MDMA experience.
Converging evidence of the salience network's importance in schizophrenia (Menon, 2011; Palaniyappan et al, 2013) and altered salience network connectivity following dopaminergic challenge (ie, connectivity is increased by L-dopa and decreased by haloperidol; Cole et al, 2013) may initially seem at odds with our demonstration that MDMA alters insula/salience network connectivity. Human research suggests that serotonin mediates the majority of physiological and psychosocial effects of MDMA (Liechti et al, 2000a, b) , while the effect of dopaminergic (D2) blockade was primarily limited to attenuating euphoria (Liechti and Vollenweider, 2000) . However, a complex interaction between neuromodulators is likely to mediate salience network functioning. Indeed, recent work has suggested that epigenetic modification (ie, increased methylation) of the serotonin transporter gene (SLC6A4) promoter region predicts heightened insula reactivity (Frodle et al, 2015) and salience network connectivity (Muehlhan et al, 2015) . This phenomenon also has relevance for clinical syndromes, such as PTSD, as SLC6A4 methylation has been linked to unresolved trauma (van Ijzendoorn et al, 2010) . Thus, an emerging relationship between epigenetic modulation of the serotonin transporter gene, stress/anxiety-related clinical pathology, and the salience network suggests that we should look beyond the confines of the dopaminergic system when thinking about salience network functioning. Future neuroimaging studies incorporating an acute MDMA challenge plus pretreatment with selective dopaminergic (eg, haloperidol, D2) and/or serotonergic (eg, ketanserin, 5-HT2A) receptor antagonists would help to elucidate the respective contributions of these neuromodulatory systems on the behavior of specific brain networks in both healthy individuals and those with anxiety/ trauma-related disorders (eg, PTSD).
Previous resting-state studies examining functional brain networks under MDMA have not implicated the insula (Carhart-Harris et al, 2015; Roseman et al, 2014) , and studies that have demonstrated insula involvement have not directly examined functional networks (Gamma et al, 2000) . One reason for this could be that ventromedial prefrontal cortex, hippocampus and amygdala functional connectivity with the insula is not altered under MDMA (Carhart-Harris et al, 2015) , if functional coupling between these regions is even expected in the first place. Indeed, of these anatomical regions, only the dorsal portion of the amygdala is thought to belong to the salience network (Seeley et al, 2007; Bickart et al, 2014) . Furthermore, we did not find altered insula connectivity with any of these regions under MDMA in the present study. Roseman et al, selected 10 independent components of interest corresponding to functional network labels from the BrainMap database (6 components from the analysis were determined to be non-neural noise), but none were identified as corresponding to the salience network (2014) and only inter-network connectivity was examined. The only significant inter-network alteration under MDMA did not involve the insula. Finally, Gamma et al used positron emission tomography, and although they found a constellation of activations and deactivations under MDMA that they infer reflects a functional network, no formal network analysis approach was applied (2000) . Therefore, none of these approaches were able to identify altered insulaanchored functional network connectivity under MDMA due to their respective methodological constraints.
Thus, our study represents the first synthesis of these lines of research, demonstrating decreased insula/salience network functional connectivity under MDMA and linking this to baseline levels of trait anxiety and changes in interoception. In light of recent hypotheses suggesting an 'insular view of anxiety' (Paulus and Stein, 2006) , further understanding of how MDMA affects the insula might be crucial to elucidating the neurobiological underpinnings of re-emerging interest in MDMA as a therapeutic adjunct to psychotherapy in the treatment of anxiety disorders including PTSD (Mithoefer et al, 2011; Oehen et al, 2013, see Amoroso and Workman, 2016 for a preliminary meta-analysis).
Limitations and Future Directions
Although the ICC allows for a data-driven characterization of global alterations in functional connectivity, the subsequent selection of one of these clusters of significance (on relatively subjective criteria) for follow-up seed-to-voxel functional connectivity analysis is one notable limitation of the method. Nonetheless, it does represent a principled approach for empirically constraining seed ROI selection for exploratory analyses in novel neuroimaging contexts. Furthermore, in our study we selected an insular cluster for follow-up seed-to-voxel functional connectivity analysis to closely follow a previous implementation of the procedure (Martuzzi et al, 2011) , ensuring our selection criteria was not arbitrary. As outlined, this procedure represents a circular analysis necessary to determine the specific patterns of altered functional connectivity (determined using seed-tovoxel functional connectivity) that drive the ICC. However, we did confirm that MDMA alters insula connectivity with core regions of the salience network even when the central coordinates and spatial contours of insula regions of interest differed from those obtained from the ICC, supporting the likelihood that altered insula connectivity under MDMA is not exclusive to the spatial boundaries of the region of interest determined by the ICC.
Our study also relied on self-report ratings of anxiety and bodily experience, which may be susceptible to bias based on expectations about the effects of MDMA. Future research should employ validated physiological measures (Critchley et al, 2003) and behavioral paradigms (Garfinkel et al, 2016) that probe anxiety and interoception to provide additional objective support to subjective assessments of these phenomena. Another means to circumvent the limitation of selfreport questionnaires in future studies would be to employ automated speech-based analytic approaches (eg, Latent Semantic Analysis) during periods of free-speech after MDMA (Bedi et al, 2014) and link semantic proximity to concepts of interest such as 'anxiety' or 'body' with functional patterns of brain activity-a strategy in line with the research program of neurophenomenology (Varela et al, 1996; Lutz and Thompson, 2003) . Such measures could provide a more fine-grained and precise estimate of interoceptive sensation than the self-report measures employed herein, which may have overlapped with sensory domains such as haptics or proprioception.
It is important to note that the strength of our reported Pearson correlation coefficients should be interpreted with caution, as they are computed using average functional connectivity in clusters derived from the association between decreases in right insular functional connectivity and the respective subjective metrics (ie, self-report baseline anxiety and unusual bodily sensations). Thus, non-independence between the cluster-forming analyses and calculation of correlation coefficients necessitate future studies with larger cohorts to employ cross-validation between independent samples. Only then can the generalizability of the associations observed here be confidently established.
As we did not mechanically record measurements of alterations in physiological markers such as heart rate or blood pressure, we cannot rule out the possibility that these parameters that have been observed to increase under MDMA (Vollenweider et al, 1998) , rather than awareness of them (i.e, interoception), drove alterations in insula functional connectivity. While activity of the insula has been linked to exercise-induced hypertension (Williamson et al, 1999) , bradycardia (Volkow et al, 2000) , and heart-rate variability (Critchley et al, 2003; Chang et al, 2013) , we are not aware of any studies that have found low-level changes in physiology (eg, tachycardia or hypertension) to change insula connectivity per se (ie, when taking the insular cortex as a seed region of interest).
Our study employed a measure of interoceptive sensibility (ie, subjective belief/awareness) based on self-report measures, but other dimensions such as interoceptive accuracy (ie, objective performance on a behavioral task) or interoceptive metacognition (ie, awareness of performance aptitude) are also important facets of interoception (Garfinkel et al, 2016) . Future neuroimaging studies investigating MDMA should collect these measures during scanning in order to determine their respective contributions to altered brain function under MDMA.
The ineffectiveness of blinding needs to be highlighted as a limitation of our study, and is described at length elsewhere (Carhart-Harris et al, 2015) . Notably, participants correctly determined when they had received MDMA or placebo in 90% (45/50) of study days and the research team predicted correctly in 96% (48/50) of the study days (Carhart-Harris et al, 2015) . Ineffective blinding is a common problem that is difficult to surmount in neuroimaging studies of substances with potent acute subjective effects. Strategies to improve the effectiveness of blinding, such as including an active placebo condition or recruiting only drug-naïve participants are not always easy to implement-and to enable simple betweencondition comparisons, a drug-free control condition is often favorable.
In conclusion, the present study demonstrated decreased salience network functional connectivity following MDMA administration that was linked to the characteristic phenomenology of MDMA, namely, the experience of unusual bodily sensations, as well as trait anxiety-which may be especially sensitive to modulation via MDMA (Mithoefer et al, 2011) . Nevertheless, much work remains to be done in order to further elucidate the nuances of this neurobiological effect and extend these findings to clinical contexts. With recent observations that the salience network comprises a 'common core' of brain areas affected by major psychiatric illnesses (Downar et al, 2015) , pharmacological agents that have a notable action on this functional brain network may be useful for the future study of the etiology, pathophysiology and potential treatment of major psychiatric disorders.
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